Obtaining quantitative information about the timescales associated with sediment transport, 3 storage, and deposition in continental settings is important but challenging. The uranium-series 4 comminution age method potentially provides a universal approach for direct dating of 5 Quaternary detrital sediments, and can also provide estimates of the sediment transport and 6 storage timescales. (The word "comminution" means "to reduce to powder," reflecting the start 7 of the comminution age clock as reduction of lithic parent material below a critical grain size 8 threshold of ~50 m.) To test the comminution age method as a means to date continental 9 sediments, we applied the method to drill-core samples of the glacially-derived Kings River Fan 10 alluvial deposits in central California. Sediments from the 45 m core have independently-11 estimated depositional ages of up to ~800 ka, based on paleomagnetism and correlations to 12 nearby dated sediments. We characterized sequentially-leached core samples (both bulk 13 sediment and grain size separates) for U, Nd, and Sr isotopes, grain size, surface texture, and 14 mineralogy. In accordance with the comminution age model, where 234 U is partially lost from 15 small (<50 µm) sediment grains due to alpha recoil, we found that ( 234 U/ 238 U) activity ratios 16 *Manuscript Click here to view linked References 2 generally decrease with age, depth, and specific surface area, with depletions of up to 9% relative 17 to radioactive equilibrium. The resulting calculated comminution ages are reasonable, although 18 they do not exactly match age estimates from previous studies and also depend on assumptions 19 about 234 U loss rates. The results indicate that the method may be a significant addition to the 20 sparse set of available tools for dating detrital continental sediments, following further 21 refinement. Improving the accuracy of the method requires more advanced models or 22 measurements for both the recoil loss factor f  and weathering effects. We discuss several 23 independent methods for obtaining f  on individual samples that may be useful for future studies. 24
Introduction 26 27
The lifetimes of clastic sediment particles in continental settings -from initial formation 28 by weathering and erosion, to transport, storage, deposition, and lithification -both reflect and 29 control the nature of geologic processes in the Earth"s surface environment. Among the 30 interrelated areas of interest in which the timing, rates, and durations of sedimentary processes 31 play a key role are: understanding mechanisms of landscape evolution (Dietrich et al., 1982 ; 32 Dietrich et al. 2003) ; modulating elemental cycles by controlling the residence time of sediments 33 in natural reservoirs such as floodplains (Dunne et al., 1998 , and refs. therein); formation and 34 interpretation of depositional records of paleoclimate and tectonic activity (e.g., Phillips et al., 35 1997; Last and Smol, 2001 ; Molnar, 2004) ; influencing the long-term, erosion-driven drawdown 36 of atmospheric CO 2 by silicate weathering (Raymo and Ruddiman, 1992) ; and determining 37 sediment flux to the oceans (Hay, 1998; Syvitski et al., 2003) . 38
Although quantifying the timescales of sedimentary cycling is important, obtaining this 39 information is difficult, especially over geologic timescales where direct observation is not 40 possible. Uranium-series isotopes may be helpful in this regard. The isotopic fractionation 41 between various nuclides of the uranium-series decay chains can be used to provide information 42 about sediment history, behavior, and weathering over time periods up to ~10 6 yrs (e.g., Osmond 43 234 Th, which then rapidly undergoes beta decay (without significant recoil) to 234 U. The 66 234 Th precursor to 234 U is recoiled an average distance of ~34 nm in typical silicate minerals (Sun 67 and Semkow, 1998; Maher et al., 2006) , a distance that varies only a few nm due to straggling 68 and variations in the compositions (density) of common crustal minerals (Hashimoto et al., 69 1985) . For grains smaller than a threshold diameter of ~50 m, recoil loss of 234 material from which the sediment grains are derived. A o is commonly assumed to be the secular 83 equilibrium value ( 234 U/ 238 U) = 1 for nonporous, crystalline rocks. This method of determining a 84 comminution age is limited to ages less than ~1 Ma, since A meas will reach a grain-size-dependent 85 steady state value after about four half lives of but more recent dating of constituent pumice clasts produce ages that vary widely, so the Friant 146
Pumice unit may not be as useful for chronostratigraphic control as originally thought (Sarna-147
Wojcicki et al., 2000). Thus, there is uncertainty in the detailed age-depth profile of the KRF 148 deposits, but we believe the presence of the Matuyama-Brunhes magnetic reversal is a reliable 149 indication that the core sediments at 40-45 m depth have ages near 800 kyr. It should also be 150 noted that the overbank and channel facies have undergone minimal subaerial weathering 151 (Weissmann et al., 2002) . 152
As a starting point in the interpretation of our data, we assume that the comminution ages 153 of the fine-grained Kings River Fan sediments are equal to the inferred depositional ages based 154 on the literature-derived chronostratigraphic model for eastern San Joaquin Valley deposits 155 (Figure 3b ). The assumption of negligible transport and storage time is reasonable, given that 156 large quantities of meltwater during glacial retreats would have provided an efficient means of 157 sediment transport. Indeed, the Kings River Fan paleochannel was considerably wider (~625 m 158 wide) with a straighter planform than the present-day channel (Weissman et al., 2002) , 159 suggesting a past river system with large sediment transport capacity. Aerial views of the Kings 160
River drainage system also reveal almost no areas along the present-day channels where 161 sediment could be stored for significant quantities of time. There is, however, a possibility that a 162 small fraction of the finer-grained sediment components could be aeolian in origin, in which case 163 a sample"s comminution age could be significantly older than its depositional age. showing a typical sample before and after both leaching and sieving (steps 1 and 2) are shown in 179 Figure 4 . 180
In addition to the U isotope measurements, Nd and Sr isotopes of the leached bulk 181 (unsieved) samples were measured in order to determine sediment provenance, since the Sierra 182 Nevada Batholith has a rough east-west gradient in Nd and Sr isotopes (Kistler, 1993) . Further 183 sample characterization was performed to obtain grain size distributions, measured using a 184
Coulter particle analyzer, mineralogy by powder x-ray diffraction (XRD), and grain morphology 185 and surface textures by scanning electron microscopy (SEM). Isotopic and grain size data are 186 given in Table 1 Sr (Kistler, 1993) . The isotopic values for the fine-grained channel and 222 overbank deposits (Table 1) indicate that the provenance of most of the sediment is the plutonic 223 rocks located in the eastern part of the range near the Sierran ridge crest, the high-elevation 224 region most affected by Pleistocene glaciations. X-ray diffraction indicates a uniform granitic 225 bulk mineralogy for the fine-grained sediments. SEM images of grain surfaces reveal features 226 indicating glacial abrasion and limited subaerial weathering (angular shapes, fresh breakage 227 surfaces, step fractures, chattermarks, and parallel gouges & striations) (e.g., Sharp and Gomez, 228 1986 It is useful to discuss the recoil loss parameter f  in terms of the surface roughness factor 263 size range is the full GSD; for the < 6 m size fraction, the GSD is extrapolated down to 0.02 307 m, the pore size of the wet-sieving filter). Comminution ages calculated with Eqn. 1 using 308
A meas and these f  values are shown in Figure 7a . The ages for the bulk samples are within the 309 range expected for these samples, and are similar to, although somewhat younger than, the 310 literature values. This suggests that a straightforward first-order approach can provide useful 311 information; e.g. the data indicate that the sediments are Late Quaternary in age and accumulated 312 over a time period of ca. 500 kyr. 313
Surface roughness factors that vary as a function of grain size are, however, likely to be 314 more appropriate than a constant value of  r = 7. In Figure 7a size. These trends indicate that, for natural samples, f  is a more complicated function of grain 321 16 size (and surface area) than previously suggested from considerations of grain geometry alone 322 (e.g., Kigoshi, 1971) . Although this analysis relies on the literature sediment ages, we find that 323 using a simple linear age-depth curve instead of the literature ages (solid gray line in Figure 7a There are two possible explanations for the younger-than-expected ages that we obtain 342 using the comminution method. Although markedly less robust than the  r trend as a function of 343 grain size, the first possibility is an unaccounted-for increase in  r (and hence f  ) as a function of 344 age within the Turlock Lake Formation (colored data points in Figure 7b ). This age dependence 345 could be a weathering-induced effect, such as the increase in  r with age observed by White et al. and the literature ages is that the middle part of the core could be younger than previously 359 inferred. Although the correlations and age inferences discussed in Marchand and Allwardt 360 (1981) and Lettis (1988) are quite reasonable, there are in fact no preexisting direct age 361 determinations on the actual KRF sediments and only minimal paleomagnetic age constraints on 362 KRF core B5. If the calculated comminution ages for the KRF core sediments (Figure 8 ) are the 363 correct ages, then the age-depth model is roughly linear. A constant deposition rate is not wholly 364 consistent with the accepted model for episodic fan deposition, but an age-depth model that is 365 more linear than the current literature-derived model is not entirely implausible. This is because, 366 as discussed in Section 3, there is uncertainty in the age of the Friant Pumice that constrains the 367 18 age of the top of the Upper Turlock Lake Unit. In addition to these two possible explanations for 368 the discrepancy between calculated comminution ages and literature ages, there may be potential 369 complications with the comminution age method that we do not yet fully understand. 370
To summarize the findings discussed in Section 5.3 that are relevant to future 371 applications of the comminution age method, deviations from expected comminution ages 372 illuminate f  trends with grain size and possibly age, which must be taken into account if the 373 above approaches to calculating t comm are used. To further improve the accuracy of the 374 comminution age dating method, and to apply it to sediments that do not have independent age 375 constraints, both 1) weathering effects and 2) perhaps more sophisticated approaches to 376 determining f  must be considered. These are discussed in Sections 5.4 and 5.5, respectively. The coarse-grained, moderately mature paleosol sample at 8.38 m depth (Table 1) Gas adsorption measurements can be used in several ways to determine f  . The first way 489 is to measure the grain surface area over which alpha recoil occurs, allowing f  to be calculated 490 using Eqn. 2. As discussed in Section 5.4, the "yardstick" for obtaining surface areas via the 491 commonly-used BET model for gas adsorption is the lengthscale associated with the adsorbate 492 molecule. Therefore, BET surface areas can provide a direct measurement of the surface area 493 over which recoil occurs only if the lengthscale of the sample surface roughness is roughly equal 494 to or greater than the recoil lengthscale (i.e., mesoporous and macroporous solids, with minimal 495 microporosity that can contribute additional superfluous surface area). If BET surface areas are 496 used to calculate f  , the accompanying full adsorption/desorption isotherm should also be 497 measured to characterize the pore size distribution of the sample. 498
Another way of using gas adsorption measurements to determine f  is to employ a grain 499 surface area model that relates the angstrom-scale surface structures probed by BET analysis to 500 the larger recoil-lengthscale roughness. One such model is that of Semkow (1990) , which 501 describes the surface from which recoiled daughters are ejected as having fractal geometry. To 502 obtain f  , the following relation may be used (Semkow, 1990 for N 2 ). The fractal dimension D must be determined independently, which can also be done 508 with gas adsorption measurements. 509
There are three approaches for obtaining fractal dimensions at recoil lengthscales 510 (Jaroniec, 1995; Lowell et al., 2004) , which are comparable to mesoporosity lengthscales. The 511 first is through the use of the Frenkel-Halsey-Hill (FHH) adsorption isotherm equation (Avnir 512 and Jaroniec, 1989; Yin, 1991) . The FHH relation states that 
D3 , where N is the 513 amount of adsorbed gas at the relative pressure P/P 0 , P is the equilibrium gas pressure, and P 0 is 514 the saturation pressure. Therefore, on a plot of ln N vs. ln(ln(P/P 0 ), the fractal dimension can be 515 obtained from the slope of (D -3). This relation holds for relative pressures in the capillary 516 (pore) condensation regime. The second approach is the Neimark-Kiselev (NK) thermodynamic 517 method (Neimark, 1990; Neimark 1992) , in which the characteristic lengthscale of the 518 measurement "yardstick" is a c , the mean radius of meniscus curvature for the condensed 519 adsorbate within a pore. In the NK model, 
Here K is a constant, the adsorbate-520 vapor (liquid-gas) interfacial area S lg can be calculated using the Kiselev equation, and a c is 521 related to the relative pressure through the Kelvin equation (Neimark, 1990 ). The third method 522 for obtaining D is through the slope of a log-log plot of the pore size distribution J(r), where r is 523 the average pore radius (Jaroniec, 1995) :  J(r)  r 2D . Previous studies indicate that the FHH and 524 NK methods can be equivalent (Jaroniec, 1995; Sahouli et al., 1996) . 525 526 25 527
Conclusions 528 529
To investigate whether continental sediments can be dated to useful accuracy with the 530 uranium-series comminution age method, we applied the method to the glacigenic alluvial 531 deposits of the Kings River Fan. Samples were obtained from a 45 meter-long drill core that 532 contains minimally-weathered sediment deposited since ~800 kya. Independent age estimates on 533 the sediments are available, although they are based on stratigraphic correlations to other alluvial 534 fan sections north of our sampling site. The glacial origin of the sediments was verified using 535
Nd and Sr isotopes, as well as SEM imaging. Precise U isotopic measurements were made on 536 bulk sediment and sieved grain size fractions, all of which were first sequentially leached to 537 remove nondetrital phases. 538
Based on our results, the U-series comminution age method appears to have promise for 539 dating continental sediments, although there is need for considerable further work. The U 540 isotope ratios for the KRF samples behave in a manner consistent with the comminution age 541 model, where 234 U loss primarily occurs due to alpha recoil. The ( 234 U/ 238 U) activity ratios of 542 bulk sediment samples, as well as the > 20 m, 15-20 µm, 10-15 µm, and < 6µm fractions, have 543 234 U depletions of up to 9% (relative to secular equilibrium) that generally increase down core. 544
The ( 234 U/ 238 U) values also depend on grain size: the smallest grains < 6 m in diameter are 545 more depleted in 234 U than the larger 10-20 m grains, and the 10-20 m grains are more 546 depleted relative to the > 20 m size fraction. 547
The deduced ages for the KRF samples are plausible even for relatively crude approaches 548 to the data interpretation. Calculated comminution ages are obtained by using two simple 549 26 approaches to determining the recoil loss parameter f  : 1) using a constant value of  r , and 2) 550 applying f  values derived from the ( 234 U/ 238 U) values from the oldest KRF samples. The age 551 estimates we derive for KRF sediments using these approaches are 50 to 100 kya at the top of the 552 45 meter section and 500 to 800 kya at the bottom. For comparison, the available age and 553 correlation analysis from the literature suggests that the sediment ages are between 200 and 800 554 ka. Deviations from the literature-derived age-depth model for the grain size separates suggest 555 that  r increases with increasing grain size and possibly age. Dietrich provided comments and allowed us the use of the Coulter particle sizer. We are also 578 grateful for comments from two anonymous reviewers. 
4)
Directly obtain total surface area (Stot) (e.g., measured from BET gas adsorption measurements).
If Stot is measured by BET gas adsorption, this approach is applicable only to solids with characteristic surface roughness lengthscales that are approximately equal to or greater than the alpha recoil distance (i.e., meso-and macro-porous solids).
5)
Obtain surface area from BET gas adsorption measurements (SBET), translate to recoil-relevant lengthscales with a model for surface roughness. 
